Introduction: We aimed to replicate a recent study which showed higher genetic risk load at 15 loci in men than in women with systemic lupus erythematosus (SLE). This difference was very significant, and it was interpreted as indicating that men require more genetic susceptibility than women to develop SLE. Methods: Nineteen SLE-associated loci (thirteen of which are shared with the previous study) were analyzed in 1,457 SLE patients and 1,728 healthy controls of European ancestry. Genetic risk load was calculated as sex-specific sum genetic risk scores (GRS s ). Results: Our results did not replicate those of the previous study at either the level of individual loci or the global level of GRS s . GRS s were larger in women than in men (4.20 ± 1.07 in women vs. 3.27 ± 0.98 in men). This very significant difference (P < 10 −16 ) was more dependent on the six new loci not included in the previous study (59% of the difference) than on the thirteen loci that are shared (the remaining 41%). However, the 13 shared loci also showed a higher genetic risk load in women than in men in our study (P = 6.6 × 10
Introduction
The large sex bias in systemic lupus erythematosus (SLE) incidence has not been satisfactorily explained, although sex hormones, cell microchimerism and chromosome X dosage seem to be involved [1] [2] [3] [4] . There are other aspects of SLE in addition to incidence in which patient sex is important [3] [4] [5] [6] . They include an increased prevalence of renal disease, serositis and discoid lupus and a decrease in the mucocutaneous manifestations in men. Other differences between women and men have been reported with less consistency between studies as a higher prevalence of thrombocytopenia, anti-doublestranded DNA antibodies, decreased C3 and larger organ damage accrual in men than in women with SLE.
The difference in incidence is maximal during the fertile years. It is preceded by a more similar incidence in girls and boys before puberty and followed by a return toward equilibrium in incidence between the sexes in the eldery. This pattern is a powerful suggestion of the effect of sex hormones in SLE pathogenesis [1] [2] [3] [4] . This hypothesis is supported by the results of estrogen suppression and estrogen administration experiments in SLE animal models, but the evidence is less clear in humans. There are not abnormal levels of sex hormones in most SLE patients of either sex. Only hyperprolactinemia is commonly found, but with uncertain involvement in disease pathogenesis. In addition, sex hormone therapy is associated with either no or very small increases in SLE or its severity. Other factors contributing to the increased SLE incidence in women could be lymphoid cell microchimerism as a consequence of pregnancy [1] . The incompatibility between the two lymphoid populations gives rise to autoimmunity in animal models, but the causal relationship in SLE patients is less clear, as microchimerism in damaged organs seems to increase as a consequence of tissue repair [7] . A third factor explaining the sexual dimorphism of SLE is suspected to reside in differences between the sex chromosomes [1] [2] [3] [4] . The hypothesized mechanism involves a dose excess of genes promoting autoimmunity in women due to noninactivated X chromosomes. This hypothesis has received strong support based on the demonstration of an increased incidence of SLE in patients with Klinefelter's syndrome who have an external male phenotype but carry the XXY sex chromosomes [8] .
More recently, evidence supporting the possibility of a second genetic factor has been reported. Researchers who analyzed a very large collection of patients of European ancestry showed that the genetic risk load was very significantly larger in men than in women (P = 4.52 × 10 −8 ), based on the sum genetic risk score (GRS s ) of 15 SLE loci [9] . This result was interpreted as meaning that men require more genetic susceptibility than women to develop SLE. The difference in genetic risk load in that study was very dependent on two human leukocyte antigen (HLA) loci of the fifteen loci included. This was shown by the lack of significant difference between men and women when the two HLA single-nucleotide polymorphisms (SNPs) were excluded (P = 0.3). Our interest in the implications of a higher genetic risk load in men led us to replicate this previous study, but our results are contrary to those reported. We found that genetic risk load was very significantly higher in women than in men with SLE.
Material and methods

Clinical and genotype data
The participant samples used in this study have already been described [10] [11] [12] . Briefly, 17 recruiting centers in 10 European countries were asked for about 100 SLE patients who met the American College of Rheumatology criteria [13] and a similar number of healthy controls, all of whom have uniform ancestry from the country of recruitment. In our present study, samples overlapping with the Hughes et al. [9] report were considered separately. Recruiters asked each participant for his or her ancestry, and only those reporting uniform known ancestry from the respective countries were included. In addition, we used six top ancestry-informative markers for European population differentiation to determine whether there were differences between cases and controls from each recruitment center. Samples from two centers were excluded because cases and controls showed significant differences at any of the six top ancestry-informative markers analyzed, as described previously [11] . This selection process left us with a total of 1,457 SLE patients and 1,728 healthy controls from 15 collections and 8 countries. A large fraction of these samples did not overlap with the previous study of SLE genetic risk load. Specifically, the nonoverlapping samples were from 1,124 SLE patients and 1,422 healthy controls from 11 collections and 6 countries. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] were available to us from previous studies [11, 12, 24] . All have been genotyped in the same laboratory and with the same technology: single-base extension using the SNaPshot Multiplex Kit (Applied Biosystems, Foster City, CA, USA), and have passed quality control filters. Nineteen of these SNPs were selected for analysis because they have reached association with SLE at the genomewide association study significant level (P < 5 x 10 -8 ) and because they were independently associated with SLE in our samples. Thirteen of these nineteen loci are shared with the fifteen SNPs included in the GRS s reported by Hughes et al. [9] , and the other six loci have not been analyzed previously in the context of the sex differential genetic risk load. The thirteen loci shared between their studies and ours are listed in the top rows of Table 1 , and the six new loci are listed in the bottom rows. Eleven of the thirteen shared loci were studied with the same SNPs used by Hughes et al. [9] ; the remaining two loci, rs17266594 in BANK1 and rs10488631 in IRF5, were studied with highly correlated SNPs (r 2 > 0.9 for rs10516487 and rs2070197, respectively, according to the HapMap data for the European population).
Analysis of sex-specific genetic risk load
We compared SNP allele frequencies between SLE patients and controls, women together with men and women and men separately. Also, allele frequencies were compared between women and men with SLE. These comparisons were done by performing χ 2 tests. GRS s were obtained by applying the same approach used by Hughes et al. [9] . In brief, the number of risk alleles (none, one or two) carried by a patient at each locus was multiplied by the natural logarithm of the sex-specific odds ratio (OR) of that locus.
The products corresponding to all loci were summed to obtain the GRS s for this patient. Only patients with valid genotypes at all loci were included in this analysis (1,247 women and 125 men with SLE, of whom 981 women and 96 men were nonoverlapping with those in the previous study). GRS s corresponding to women and men were compared using Student's t-test. These analyses were done in a customized version of Statistica 7.0 software (StatSoft, Tulsa, OK, USA). Power analysis was done using the Power and Sample Size software [25] .
Results
The 19 SNPs that we investigated were significantly different between SLE patients and controls in the unstratified analysis of our 1,457 SLE patients and 1,728 healthy controls ( Table 1 ). The direction of change in all loci was the same as that previously reported [14] [15] [16] [17] [18] [19] [20] [21] [22] 24] . In the sex-stratified analysis, the 19 loci were associated in women (1,321 SLE patients and 1,188 controls) and 9 in men (136 SLE patients and 540 controls), in part reflecting the decrease in sample size of the male subgroup ( Table 2 ). Comparison of risk allele frequencies between women and men with SLE revealed a significant difference only in rs1143679, the ITGAM SNP, which was more frequent in men than in women with SLE. Our results at this locus and at other three loci are in contrast with those reported by Hughes et al. [9] , who found that the ITGAM SNP was not different and the other three loci showed significant differences between women and men with SLE. These differences were an excess of the risk alleles of two of them in men, rs3131379 in MSH5 (HLA) and rs10488631 in IRF5, and an excess of the third, rs4963128 in KIAA1542, in women. None of these changes were observed in our samples ( Table 2) . GRS s were obtained separately for women and men with SLE using the risk alleles and sex-specific ORs of the 19 loci (Figure 1 ). They showed very significantly higher values in women than in men (mean GRS s ± SD = 4.15 ± 1.07 vs 3.22 ± 1.0, respectively; P < 10 −16 by Student's t-test). This result was opposite to that observed by Hughes et al. [9] , that is, higher GRS s in men than in women. The difference was very significant regardless of consideration of the 77.1% nonoverlapping samples (mean GRS s ± SD in women = 4.20 ± 1.07 vs 3.27 ± 0.98 in men; P = 8.9 × 10 ). The mean difference in GRS s between the sexes, 0.93, was the same in the two subgroups of patients. This result of the overlapping samples was not reflected in the Hughes et al. study, because they were only a minor fraction (7.9%) of the samples included in that study and they were considered together with all others.
Differences in the loci investigated between the two studies include three components: six loci included in our study that were not in the Hughes et al. study, thirteen loci shared by the two studies and two loci in the Hughes et al. that are absent from our study. The six loci included only in our study showed either no difference or a trend toward higher risks in women ( Table 2) . Comparison of the GRS s between women and men restricted to these six loci gave a very significant excess of risk load in women (mean GRS s for these six loci = 1.29 ± 0.55 in women and 0.74 ± 0.46 in men; P < 10 −16 ), which accounted for most of the difference between the two sexes in our study (0.55, or 59% of the 0.93 difference with the 19 loci). The 13 loci that are shared by the two studies also contributed to the contrasting results, but less markedly so (mean GRS s of the 13 shared loci = 2.86 ± 0.82 in women and 2.48 ± 0.77 in men; P = 6.6 × 10 −7 ). Their effect is reflected in the remaining 41% of the mean difference with the 19 loci (0.38 of the 0.93 difference). Therefore, whereas each of the six loci included only in our study contributed 0.09 to the mean difference in GRS s , each of the loci included in both studies contributed only 0.03 to the average score. We cannot exclude the possibility that the two loci included in the previous report that we did not study might have contributed to the very contrasting results.
Two HLA loci accounted for a large fraction of the previously reported increased GRS s in men with SLE [9] . We also included two strongly SLE-associated HLA loci in our analyses (rs3131379 and rs2187668), but they did not account for a particularly large fraction of the difference between sexes, as demonstrated by the similar result obtained after excluding these two SNPs (mean GRS s except HLA = 3.61 ± 0.81 for women and 2.82 ± 0.76 for men with SLE (P < 10 −16 ), corresponding to 85% of the difference in GRS s with the 19 loci).
Discussion
Our analysis shows a very significantly higher genetic risk load in women than in men with SLE. This result is in striking contrast to the previous analysis by Hughes et al. [9] and highlights important limitations of this type of study that prevent firm conclusions about the relative genetic risk load of the two sexes until these limitations can be addressed.
The most prominent outcome of our study is the lack of reproducibility of the results, both at the level of each locus and at the level of global genetic risk load measured by GRS s . At the locus level, lack of reproducibility is well known to have plagued genetic association studies in the past [26] , and it has been notably common in studies claiming sex-specific associations [27] . Two of the limitations of these studies are especially relevant here: tolerant significance thresholds that do not account for the multiple tests involved and small sample sizes that lead to imprecision in the estimated effects. Regarding the significance thresholds, none of the loci showed a difference between sexes with P < 10 −4 in the two studies. Therefore, all nonreproducible locus associations will be eliminated if a strict threshold is applied. This limitation does not apply, however, to the comparison of GRS s , because only a test was done in each study and the results obtained are very significantly different. In contrast, the second limitation-the decrease in sample size inherent to stratification by sex-has deleterious effects in both the analysis of each locus and the calculation of GRS s . The effect at the locus level can be shown by comparing, within each study, the power to detect differences between SLE patients and controls with the power to detect differences between women and men with SLE. Our study has enough power (1 − β > 0.8 for α = 0.05 and risk allele frequency = 0.2) to detect differences with OR = 1.19 in the first comparison, but only for OR > 1.52 in the second. Similarly, the Hughes et al. study [9] has enough power for detection with an OR > 1.12 in the patient-control analysis but an OR > 1.31 in the female-male comparison. The decrease in power affects the precision of the OR, which is used to calculate GRS s and, therefore, also has a negative effect in the reproducibility of the GRS s results. Thus, GRS s , as is true of other summary parameters, is less variable than the individual OR included in its calculation, but GRS s performance depends on the OR quality, which is determined by sample size and the minor allele frequency of the SNPs [28] .
A second notable message derived from the data is that most known SLE loci are not clearly biased to more risk in one of the sexes. In our study, only one of the nineteen SNPs showed a significant difference between women and men with SLE. The risk allele of this SNP (rs1143679) in ITGAM was more associated with SLE in men than in women. Similar results were reported by Hughes et al. [9] , who showed that only four loci (rs1270942 in the HLA, rs3131379 in MSH5 (HLA), rs10488631 in IRF5, and rs4963128 in KIAA1542) of the fifteen analyzed had significant differences between women and men with SLE. They found that the risk Figure 1 Sum of genetic risk scores in women and men with systemic lupus erythematosus. The y-axis represents percentages of participants in each of the two groups with the sum of genetic risk scores (GRS s ) at the indicated intervals along the x-axis. This analysis was done with GRS s obtained for each of the 1,247 women and 125 men with systemic lupus erythematosus (SLE) and 100% genotype success at the 19 SLE loci. The GRS s of each patient with SLE is the sum of the products of the natural logarithm of the sex-specific OR by the number of risk alleles at each locus carried by the patient, as described by Hughes et al. [9] . Histograms and distance-weighted least-squares fitting lines for women (light gray bars and discontinuous line) and for men (dark gray bars and continuous line) are shown.
alleles of three of these loci were more common in men than in women with SLE, but the fourth (in KIAA1542) was more common in women than in men with SLE. In addition, when the Bonferroni correction is applied for the number of loci analyzed, only the two HLA loci included in the Hughes et al. study remain significantly different between the sexes in either of the two studies. Given this lack of clear bias for most SLE loci to excess risk in one of the sexes, differences in estimated global genetic risk load will be sensitive to the inclusion of loci showing small and inconsistent differences, with some showing a small bias toward one sex and others to the opposite sex. The balance between the two components will determine the global outcome. In addition, solving the question of the different genetic risk load in women and men will be difficult until we know a larger fraction of the heritability of SLE than the current 9% to 15% [16, 29] . This fraction of heritability has be explained with up to 23 loci, but the most current estimates put the number of loci for complex diseases such as SLE at several hundred [30] . These estimates indicate that many of the yet undiscovered loci will show lower effects than those already known. However, it is clear that there is plenty of room for improvement. Larger coverage of SLE heritability will permit more reproducible assessment of differences in the total genetic burden between the sexes.
The very significant differences (P < 10 −16 and P < 5 × 10 −8 ) in genetic risk load in the two studies indicate that there are factors other than the imprecision of GRS s leading to their opposite directions. Two factors are likely to have been major contributors: the different sets of loci and the differences between the participants included. Our analysis shows that the different sets of loci in each study were an important factor. The six loci we explored that were not included in the previous study accounted for more than one-half of the excess risk in women, despite representing less than one-third of the analyzed loci. In addition, it is very likely that lack of the HLA SNP rs1270942 in our study also contributed to the contrasting results, because it accounted for the highest risk in men of all the loci included in the Hughes et al. study [9] . Regarding the differences between the study participants, they are shown by the significantly higher risk load in women than in men in our study (P < 6.6 × 10 −7 ), based on the GRS s calculated for the 13 loci shared by the two studies. The differences between the two studies could include genetic heterogeneity affecting both patients with SLE and controls and clinical differences between the patients with SLE. Genetic heterogeneity is especially likely at the HLA SNPs, where large differences, even within subpopulations of the same ethnic group, are common. The two types of heterogeneity, genetic and clinical, have previously been shown to be reflected in the degree of association of SLE loci [11, [31] [32] [33] [34] . In this regard, we could compare the prevalence of only three SLE classification criteria, but they showed significant heterogeneity between the SLE patients included in the two studies. Men in the Hughes et al. study had a higher prevalence of renal disease (OR = 1.7, P = 1.2 × 10 −5 ) than that in women, but not of serositis or neurologic involvement [9] . In contrast, the men in our study had a higher incidence of serositis than the women did (OR = 1.58, P = 0.017), but not renal (OR = 1.23, P = 0.3) or neurologic involvement. This type of inconsistency between studies regarding clinical differences between women and men with SLE are common [3] [4] [5] [6] .
There is an additional point to consider in the interpretation of this type of study: the possibility of ascertainment bias. This artefact is the systematic deviation from the true population value that is attributable to the sampling processes used to find SNPs and estimate their population-specific allele frequencies [35] . As all the SLE loci have been discovered in studies involving either only women or a very dominant fraction of women, they reflect more faithfully genetic susceptibility to SLE in women than in men. Therefore, they are more likely to show stronger associations with women than with men, in cases where the genetic susceptibility of the two sexes is different. The possibility of ascertainment bias means that the increased genetic risk load we found in women cannot be interpreted as a more marked genetic component in SLE susceptibility in women than in men.
Conclusions
Our results highlight that there is not a uniform trend in the known SLE loci toward higher genetic risk in one or the other of the sexes among Europeans. In addition, our results show the multiple limitations of studies in which investigators aim to establish sex-specific genetic risk loads in SLE. These limitations include the critical role of the assortment of loci that are considered in a particular study; the imprecision in GRS s estimates for men; heterogeneity between sets of participants, including genetic and clinical heterogeneity; and the possibility of ascertainment bias when analyzing loci identified predominantly in women. The limitations could someday be addressed in studies in which researchers include SNPs representing a larger fraction of the SLE genetic component of what is currently known and that have been identified in large samples of both women and men; however, such studies are not currently possible. Therefore, at present, these limitations prevent assessment with confidence of differences in genetic load between women and men with SLE.
Abbreviations GRS s : Sum genetic risk score; HLA: Human leukocyte antigen; SLE: Systemic lupus erythematosus; SNP: Single-nucleotide polymorphism.
